The level structure of 134 Xe was studied with the inelastic neutron scattering reaction followed by γ -ray detection. A number of level lifetimes were determined for the first time with the Doppler-shift attenuation method and the low-lying excited states were characterized. From this new spectroscopic information, the third excited state, a 0 + level which had only been observed in a previous inelastic neutron scattering study, was verified. Reduced transition probabilities were calculated; comparisons were drawn with a vibrational description of the nucleus and found lacking. The 3 − octupole phonon has been confirmed, and the complete negative-parity multiplet resulting from the ν(1h 11/2 2d 3/2 ) configuration has also been tentatively identified for the first time in the N = 80 isotones.
I. INTRODUCTION
The stable isotopes of xenon span a transitional region that evolves from γ -soft structures for the lighter mass isotopes [1] to nearly spherical 136 Xe with a closed N = 82 neutron shell. The nature of this transition, which is gradual, is not well understood [2] .
Recent computational studies within the interacting boson model [3] [4] [5] describe 134 Xe as "vibrational"; however, the detailed experimental data supporting this description are not available. For example, according to the most recent data compilation [6] , the spin-parity of the second excited state is not firmly established and a putative 0 + excitation, the third excited state, has been reported in inelastic neutron scattering (INS) but has not been observed with other reactions. One goal of the present investigation was to determine the properties of the lowest-lying states in 134 Xe and compare them to the predictions of the vibrational model.
Hughes et al. [7] pointed out in their work on 132 Te that the ν(1h 11/2 2d 3/2 ) configuration should result in a multiplet of negative-parity states, where a 7 − state is found lowest in energy, a 5 − state somewhat higher in energy, and the nearly degenerate 4
− and 6 − states highest in energy. In 132 Te, only the 5 − and 7 − states were identified [7] and a tentative 6 − state was later suggested by Biswas et al. [8] . A similar situation exists for 136 Ba [9] , and 138 Ce [10] where the 5 − and 7 − states are known and candidates exist for the 6 − states, but in none of these N = 80 isotones has the entire multiplet been identified. In 134 Xe, only the 7 − state was known prior to this study [6] . Compared to other nuclei in this mass region, the level structure of 134 Xe is not well known. Much of this deficiency is doubtlessly a consequence of the fact that the required targets for many scattering and reaction methods are gases requiring high pressures or cryogenics. The most recent studies of the β − decays of 134 I (J π = 4 + , T 1/2 = 52.5 min) and 134m I(8 − , 3.52 min) were performed over forty years ago [11] [12] [13] [14] and the EC decay of 134 Cs (4 + , 2.0652 yr) populates only the first excited state of 134 Xe [15] . More recent studies include Coulomb excitation in inverse kinematics [16] [17] [18] , photon scattering measurements on high-pressure gas targets [19] , high-spin studies of states populated in multinucleon transfer reactions [20] and fission [21] , and inelastic neutron scattering on natural [22] and enriched solid XeF 2 targets [23] .
To provide detailed spectroscopic information on 134 Xe, we have studied this nucleus at the University of Kentucky Accelerator Laboratory (UKAL) using the INS reaction [2] . For these measurements, highly enriched xenon gas was converted to solid 134 XeF 2 and γ -ray spectroscopic measurements were performed following INS with nearly monoenergetic neutrons. The excitation function and angular distribution measurements yielded branching ratios, multipole mixing ratios, and level lifetimes (from the Doppler-shift attenuation method [24] ), which allowed the determination of reduced transition probabilities and provided insight into the structure of this nucleus.
II. EXPERIMENTS
The (n,n γ ) experiments were performed at UKAL in a manner similar to those described earlier [2, 23] . Highly enriched (99.952%
134 Xe) xenon gas was converted to solid XeF 2 , as described in Ref. [2] , and 11.5077 g of 134 XeF 2 was placed in a polytetrafluoroethylene vial with an inner diameter of 1.8 cm for the neutron irradiation. Fast neutrons were produced by bombarding tritium gas with accelerated protons, i.e., the 3 H(p,n) 3 He reaction, from the UKAL 7 MV Van de Graaff accelerator. The resulting nearly monoenergetic ( E n ≈ 60 keV) neutrons were scattered from the xenon difluoride sample, and the emitted γ rays were detected in a high-purity germanium (HPGe) detector surrounded by an annular bismuth germanate (BGO) detector which served for Compton suppression and as an active shield. Excitation functions were performed by varying the neutron energy in 100 keV steps from 1.5 to 3.5 MeV and observing the γ -ray yields, which permitted the placement of γ rays in the level scheme. Angular distributions were performed by varying the detection angle in the range from 40
• to 150
• while holding the incident neutron energy constant at 1.9, 2.2, 2.7, and 3.5 MeV. In addition to providing information about the multipolarity of the transitions in 134 Xe, the angular distribution data provided nuclear level lifetimes from a few fs to about 2 ps through the Doppler-shift attenuation method [24] . The lifetimes are extracted from the slope of the linear fit to the γ -ray energy as a function of the cosine of the angle of detection according to the equation
where E γ (θ ) is the γ -ray energy as a function of the detection angle with respect to the direction of the incident neutrons, E 0 is the energy of the γ ray emitted by the nucleus at rest, F (τ ) is the experimental attenuation factor, which describes the slowing-down process of the recoiling nucleus within the material, v c.m. is the recoil velocity of the center-of-mass, and c is the speed of light [24] .
III. RESULTS
A summary of the data for levels in 134 Xe from the current experiments is provided in [16] .
1613.8 keV 2 + state. While the spin-parity of this level is given in the Nuclear Data Sheets (NDS) [6] as (2) + , our measurements, as well as those of other recent publications, e.g., Ref. [18] , remove the uncertainty of the spin of this state. Moreover, the angular distribution of the γ ray to the ground state is consistent with the 2 + assignment. The level lifetime determined by Ahn et al. [18] (τ = 1270(60) fs) is in excellent agreement with our value (see Table I ); however, the mixing ratio [δ = −1.5(2)] is not. Our measurement is consistent though with that determined by Gualda et al. [14] , −2.4(2).
1636.2 keV 0 + state. This state, observed previously only in (n,n γ ) experiments on XeF 2 of natural abundance [22] , is clearly identified and placed from the present measurements based on the observed 1.7 MeV threshold (see Fig. 1 ). As expected, the angular distribution of the 789.1 keV γ ray is isotropic [see Fig. 2(b) ], and the yield of this state is consistent with the 0 + assignment. Unfortunately, the lifetime of this level is too long for a determination with our DSAM technique, and only a limit is given.
1731.2 keV 4 + state. From our measurements, we were only able to establish a limit on the level lifetime of >1700 fs. Jakob et al. [16] determined a value of 3200(200) fs, with which we are consistent.
1919.8 keV 4 + state. Although assigned a spin-parity of 3
+ [6] , the present measurements are consistent with a 4 + assignment, which is supported by each of the angular distribution measurements [see Fig. 2(c) ]. The population of this state in Coulomb excitation [18] also supports its assignment as a natural-parity state.
1947.2 keV 2 + state. This level, first placed by McGrath et al. [22] , was assigned as the 2 + mixed-symmetry state in 134 Xe by Ahn et al. [18] . Its properties, as determined in our measurements, are consistent with the assignment of this level as the mixed-symmetry state. Ahn's level lifetime of 124 (7) fs is in excellent agreement with our determination. While our measured mixing ratio is not within error of Ahn's value, 0.08 (20) , the resulting B(M1) of 0.30(2) μ 2 N is.
keV 7
− state. Although not in our prompt spectra, the 234.2 keV γ ray was observed in the delayed spectra, consistent with its previously determined lifetime of 420 (25) ms. 2082.2 keV 5 − state. This state was previously observed only in the (n,n γ ) measurements on natural xenon [22] , but the 351 and 162 keV γ rays were observed in two β-decay experiments [11, 13] . We refute, however, the existence of the reported 468.2 keV γ ray [22] . From the previous INS experiments [22] , the level was assigned as (4 + ), but the present measurements favor a 5 − assignment [see Fig. 2(a) ]. 2116.6 keV 2 + state. This state was observed previously in the (n,n γ ) measurements on natural xenon [22] and in Coulomb excitation [18] . The present data, including an observed ground-state transition, lead to a firm assignment of 2 + . 2136.7 keV 6 + state. This state was well characterized in the study of the 5 μs 10 + isomer of 134 Xe by Genevey et al. [25] . Only the 405.4 keV γ ray depopulates this level. We find no evidence of the 217 keV γ ray used to establish a doublet of levels in the NDS [6] .
(2207.9 keV level.) No evidence for a level at this energy, which was observed only by McGrath et al. [22] , was found. 2234.0 keV (6 − ) state. The 152.2 keV γ ray was previously observed in INS [22] and was placed as a transition from a new 2560.6 keV level. We, however, observe the 152.2 keV γ ray to have a threshold of 2.4 MeV, which invalidates that placement. Based on the excitation function, the γ ray seems to feed the 5 − state and we thus establish the 2234.0 keV level. From the angular distribution and absence of other transitions to low-spin states, we assign a tentative spin and parity of 6 − . 2262.4 keV 2 + state. Our data, including the level lifetime, branching ratios, and mixing ratios, are in agreement with those provided by Ahn et al. [18] from Coulomb excitation [τ = 250(10) fs and δ = 0.14(2) or 1.6(1)].
(2272.0 keV level.) We find no evidence for the reported 135.4 keV γ ray [6] , and we observe the 540.8-keV γ ray to have a 2.7-MeV threshold, which is inconsistent with a 2.3 MeV state. No placement of the 541 keV γ ray is proposed from this work.
2353.0 keV (4 − ) state. The angular distributions of both the 433.3 and 621.9 keV γ rays suggest that these are transitions between spin-4 states, and the minimum χ 2 value for the mixing ratio determination is zero, implying pure multipolarity. We, therefore, propose the level as a tentative 4 − state.
(2372 keV level.) This level was identified in (γ,γ ) experiments [19] , but we observe the γ ray to have a 3.4 MeV threshold, which means it is not a ground-state transition, but rather one to the 2 + 1 state, which establishes a 3219.5 keV level.
(2417.4 keV level.) The only reference for the existence of this level is based on a 1570.3 keV γ ray observed in (n,n γ ) measurements on natural xenon [22] . We, however, do not observe this γ ray and refute the existence of the level.
Few higher-lying levels above 2.4 MeV have firm spinparity assignments, but one is deserving of comment. The
keV (4)
+ level is shown in the Nuclear Data Sheets [6] to decay by nine γ rays. In their Coulomb excitation study, Ahn et al. [18] observed only three γ rays and suggested that this level may be the octupole phonon; however, they could not assign a definite spin. We observe the same three γ rays seen by Ahn et al. [18] , but no others. Moreover, these γ rays display angular distributions consistent with electric dipole (E1) transitions. Combining these recent data, we find the 3 − assignment to be reasonable.
IV. DISCUSSION
It has been suggested that 134 Xe can be described as vibrational [3] [4] [5] . The N = 80 isotone 136 Ba has been studied with the (n,n γ ) reaction in our laboratory [26] , and the transition strengths of the two-phonon states were found to be consistent with the vibrational picture and candidates were proposed for three-phonon excitations. In spite of the new information provided by the present study, it remains difficult to evaluate the vibrational structure of 134 Xe, as can be seen in Fig. 4 for three-phonon states. Thus a vibrational description of 134 Xe does not appear to be appropriate.
Based on transition strengths from Coulomb excitation measurements, the major fragment of the 2 + mixed-symmetry state in 134 Xe was identified at 1947.2 keV [18] . Our extracted level lifetime (see Fig. 3 ) and γ -ray branching ratios for this state, as well as the multipole mixing ratio for the 2 The 3 − octupole phonon has not been definitively identified in 134 Xe, but Mueller et al. [17] suggest that it should occur at an energy of about 2.70 MeV based on an empirical formula they derive from the systematic occurrence of the octupole phonon in this region. As noted previously, Ahn et al. [18] suggest the 2867.2 keV level as a candidate for the octupole phonon and note that its energy lies between the 3 − states found in the neighboring even-even Xe isotopes, i.e., 2469 keV in [16] indicate that the ν(2d 3/2 ) orbital plays a larger role than the ν(3s 1/2 ) orbital in 134 Xe, which is in agreement with our observations.
V. CONCLUSIONS
The inelastic neutron scattering reaction has been employed to study the level structure of 134 Xe. Many level lifetimes were measured for the first time with the Doppler-shift attenuation method and the low-lying excited states were characterized. The third excited state, a 0 + level which had only been observed in a previous inelastic neutron scattering study, was confirmed, as was the identification of the 2 + mixed-symmetry state and the 3 − octupole phonon in 134 Xe. Finally, candidates for the complete negative-parity multiplet arising from the ν(1h 11/2 2d 3/2 ) configuration have also been proposed for the first time in the N = 80 isotones.
